Research Paper 463

Yeast histone deposition protein Asf1p requires Hir proteins and

PCNA for heterochromatic silencing

Judith A. Sharp', Erik T. Fouts*, Denise C. Krawitz and Paul D. Kaufman

Background: Position-dependent gene silencing in yeast involves many
factors, including the four HIR genes and nucleosome assembly proteins
Asf1p and chromatin assembly factor | (CAF-I, encoded by the CAC7-3
genes). Both cacA asf1A and cacA hirA double mutants display synergistic
reductions in heterochromatic gene silencing. However, the relationship
between the contributions of H/R genes and ASF1 to silencing has not
previously been explored.

Results: Our biochemical and genetic studies of yeast Asf1p revealed links
to Hir protein function. In vitro, an active histone deposition complex was
formed from recombinant yeast Asf1p and histones H3 and H4 that lack a
newly synthesized acetylation pattern. This Asf1p/H3/H4 complex
generated micrococcal nuclease-resistant DNA in the absence of DNA
replication and stimulated nucleosome assembly activity by recombinant
yeast CAF-I during DNA synthesis. Also, Asf1p bound to the Hir1p and
Hir2p proteins in vitro and in cell extracts. In vivo, the HIR1 and ASF1
genes contributed to silencing the heterochromatic HML locus via the same
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genetic pathway. Deletion of either HIR1 or ASF1 eliminated telomeric
gene silencing in combination with po/30-8, encoding an altered form of
the DNA polymerase processivity factor PCNA that prevents CAF-I from

Current Biology 2001, 11:463-473

0960-9822/01/$ — see front matter
[ 2001 Elsevier Science Ltd. All rights reserved.

contributing to silencing. Conversely, other po/30 alleles prevented Asf1/

Hir proteins from contributing to silencing.

Conclusions: Yeast CAF-l and Asf1p cooperate to form nucleosomes in
vitro. In vivo, Asf1p and Hir proteins physically interact and together
promote heterochromatic gene silencing in a manner requiring PCNA. This
Asf1/Hir silencing pathway functionally overlaps with CAF-| activity.

Background

Synthesis of the four core histones (H2A, H2B, H3, and
H4) and their assembly into nucleosomes is coordinated
with chromosome replication in eukaryotes [1-3]. Several
histone chaperone proteins that deliver newly synthesized
histones to DNA have been described. One of these pro-
teins, chromatin assembly factor I (CAF-I), is a hetero-
trimeric protein complex whose biochemical activity and
primary structure are conserved from budding yeast to
humans [4, 5]. CAF-I performs the first step of nucleo-
some formation, deposition of the histone (H3/H4), tetra-
mer onto DNA [6, 7]. CAF-I delivers histones to DNA
molecules that have been recently replicated either bidi-
rectionally or during DNA repair [8, 9]; it is targeted to
replicated DNA via a direct interaction with proliferating
cell nuclear antigen (PCNA), the DNA polymerase pro-
cessivity factor [10].

Budding yeast cells lacking any of the three genes (CAC,
CAC2, or CAC3) encoding CAF-I subunits display in-
creased sensitivity to ultraviolet irradiation [5, 11] and
reduced position-dependent gene silencing at telomeres

[5, 12, 13], the silent mating loci [14, 15], and ribosomal
DNA [16]. Gene silencing at these loci in yeast is a chro-
matin-mediated process analogous to heterochromatic si-
lencing in multicellular organisms; mutations in histone
termini [17, 18] or histone binding heterochromatin pro-
teins [19] disrupt this silencing.

Histone gene transcription is repressed outside of the
G1/S transition in yeast. This cell cycle-dependent repres-
sion requires the histone regulatory (HIR) genes, HIRI,
HIR2, HIR3, and HPCZ [20, 21], through a mechanism
likely involving the modulation of specialized chromatin
structures [22]. Mutations in HIR genes have minor effects
on silencing at telomeres and the silent mating loci [14], and
the growth of §. cerevisiae cells is not affected when either
CAC genes or HIR genes are mutated. However, cacA AirA
double-mutant strains display synergistic reduction of po-
sition-dependent gene silencing at both telomeres and
the silent mating loci and exhibit slow growth after germi-
nation, increased sensitivity to methyl methanesulfonate,
and increased Ty element transposition [14, 23]. These
phenotypes occur regardless of which of the three cacA
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or four /ZirA gene deletions are combined, and this finding
suggests that the Cac and Hir proteins are active as com-
plexes ([14] and J. A. S. and P. D. K., unpublished data).
Thus, Hir proteins and CAF-I are important for normal
growth and silencing, and their roles partially overlap.

The budding yeast ASF7 gene was identified in two inde-
pendent genetic screens for high-dosage disrupters of po-
sition-dependent gene silencing [24, 25]. The Drosophila
homolog of yeast Asflp was purified in a complex with
acetylated forms of histones H3 and H4 and stimulates
the nucleosome assembly activity of CAF-I in vitro [26].
Also, CIA protein, a human ASF1 homolog, and yeast
Asflp have recently been shown to bind histones and
deposit them on DNA independently of replication [27,
28]. Yeast asflA mutants display minor defects in hetero-
chromatic gene silencing [24, 25]. However, cacA asfiA
double mutants display synergistic reductions in hetero-
chromatic gene silencing, and these results are consistent
with the in vitro synergy data [26].

We demonstrated here that the histone binding and depo-
sition activity of Asfl1p is independent of a newly synthe-
sized pattern of acetylation, and we detected interactions
between Asflp and the Hirlp and Hir2p proteins in vitro
and in cell extracts. ASF7 and HIRI genes contributed
to silencing at the HML locus via the same genetic path-
way. The deletion of either ASF7 or HIRI led to similar
telomeric silencing phenotypes upon combination with
silencing-defective alleles of the POL30 gene encoding
PCNA. Together, these data suggest that Asflp and Hir
proteins function together for heterochromatin silencing
in a manner directed by PCNA.

Results

Assembly of an Asf1p/histone H3/histone H4 complex
T'o test whether the biochemical synergy between Dro-
sophila CAF-1 and ASF1 has been evolutionarily con-
served and to allow study of the corresponding yeast pro-
teins at a biochemical level, we developed recombinant
sources of yeast CAF-I and Asflp. The Drosophila RCAF
protein complex that was isolated from embryo extracts
consists of ASF1 protein bound to acetylated histone H3/
H4 molecules [26]. The RCAF-associated histones are
specifically acetylated on H3 lysine 9 and H4 lysines 5
and 12. This pattern is observed on newly synthesized
molecules [29]. However, it is unknown whether this
modification pattern is important for the in vitro stimula-
tion of Drosophila CAF-1. By assembly of an Asf1p/histone
complex in vitro, we sought to test whether Asf1p required
this histone acetylation pattern in order to function as a
histone deposition protein.

Yeast Asflp containing six N-terminal histidine residues
was overproduced in bacteria and then purified by metal-
affinity chromatography. This Asflp preparation was then

further purified by gel filtration chromatography, in some
cases after binding to purified human histones H3/H4
(Figure 1a; also see the Supplementary material available
with the electronic form of this article on the internet).
The histones used in these experiments were purified
from human tissue culture cell chromatin and therefore
did not carry the newly synthesized acetylation pattern
in which histone H4 is diacetylated on lysines 5 and 12
([29]; see Supplementary material). These data indicate
that a specific newly synthesized pattern of acetylation is
not required for Asflp binding.

Asf1p/H3/H4 stimulated nucleosome
assembly by CAF-I

Recombinant yeast CAF-I was produced in baculovirus-
infected insect cells (Figure 1b) and was shown to stimu-
late nucleosome assembly in an in vitro SV40-based DNA
replication assay (Figure 1c; also see Supplementary mate-
rial). In this assay, a DNA template containing the SV40
origin of DNA replication was incubated with human cell
cytosolic extract containing DNA replication enzymes and
supplemented with the viral replication initiation protein
T antigen. To determine whether the observed increased
superhelicity of the DNA replication products was due
to nucleosome formation, we used micrococcal nuclease
(MNase) for the digestion of the replication products.
MNase preferentially cleaves linker DNA between nucleo-
somes. The resulting ladder of MNase-resistant bands
spaced approximately 160 bp apart on templates repli-
cated in the presence of recombinant yeast CAF-I (Figure
2a, lanes 6-15) confirmed that recombinant yeast CAF-I
stimulated nucleosome assembly.

Drosophila ASF1/H3/H4 complexes stimulate substoichio-
metric amounts of Drosophila CAF-1 to supercoil repli-
cated templates efficiently [26]. We therefore tested
whether yeast Asflp performed the same reaction and
whether this superhelicity reflected nucleosome forma-
tion. The addition of Asflp to the replication assay in
the absence of bound histones did not yield supercoiled
products (Figure 1c, lanes 2—4), nor did addition of the
purified Asfl1p/H3/H4 complex (Figure 1c, lanes 8-10).
T'he addition of an equivalent amount of histones H3/H4
alone resulted in a dramatic change in the migration of
the template (Figure 2b). This change was concomitant
with the inhibition of DNA synthesis (Figure 1c, lanes
5-7), and these results represented nonspecific electro-
static interactions between the histones and DNA. In
contrast, the combination of a substoichiometric amount
of CAF-I and the Asflp/H3/H4 complex resulted in
greater template supercoiling than that observed with ei-
ther component alone (Figure 1c, lanes 18-20). Thus,
the binding of histones to Asflp prevented nonspecific
histone-DNA interactions and instead promoted syner-
gistic histone deposition by Asflp and CAF-I.
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Synergistic activity of recombinant yeast CAF-I and Asf1p/H3/H4
complexes. (a) Purified Asf1p/H3/H4 complex. Hiss-Asfip (85 pg,
2.7 nmol) partially purified by metal affinity chromatography was
incubated with 60 g of histones H3 and H4 (2.3 nmol each) and
applied to a 43 ml sephacryl S-200HR column. The Asf1p/H3/H4
complex shown here eluted with an apparent molecular weight of
approximately 130 kDa and was visualized by Coomassie blue staining
of an 18% SDS-polyacrylamide gel. See the Supplementary material
for more details. (b) Purified recombinant yeast CAF-l. Yeast CAF-|
(0.24 ng) purified from baculovirus-infected insect cells was
analyzed on a 12.5% SDS-polyacrylamide gel and visualized by silver
staining (lane 2). Molecular weight markers (kDa) are indicated (lane

1). (c) Stimulation of yeast CAF-1-dependent template supercoiling
by Asf1p/H3/H4. Asfip alone (0.6, 1.2, and 2.4 pmol, respectively,
in lanes 2—4 and 12-14), histones H3/H4 alone (0.6, 1.2, and 2.4
pmol, respectively, in lanes 5-7 and 15-17), or the Asf1p/H3/H4
complex (0.6, 1.2, and 2.4 pmol, respectively, in lanes 8-10 and
18-20) were added to 25 pl SV40 in vitro replication assays
containing 26 fmol pSV011 DNA molecules (50 ng). Reactions were
performed in the absence (lanes 1-10) or presence of low levels

of yeast CAF-I (12 ng [71 fmoll/25 wl reaction). As a positive control
for assembly, a high level of yeast CAF-I (50 ng [0.30 pmol]/25 .l
reaction) alone was added to the SV40 in vitro replication reaction
(lane 21).

Previous characterization of the biochemical synergy be-
tween Drosophila CAF-1 and ASF1 proteins demonstrated
that those proteins increased the supercoiling of template
DNA, but it did not directly demonstrate increased
nucleosome formation [26]. To determine definitively
whether the increased DNA supercoiling generated by
yeast CAF-I and Asflp/H3/H4 resulted from increased
nucleosome formation, we used MNase for the digestion
of these replication products. In the presence of substoi-
chiometric amounts of CAF-I (Figure 2a, lanes 6-10), an
increased number of mononucleosomes was formed as
compared to the background of MNase protection ob-
served either in the absence of any added assembly factor
(Figure 2a, lanes 1-5) or with Asf1p/H3/H4 alone (Figure
2a, lanes 21-24). In contrast, in the presence of both
assembly factors (Figure 2a, lanes 16-20), more spaced,
nuclease-protected species were observed, as indicated
by the more-intense disome and trisome bands. Addition
of 4-fold more CAF-I in the absence of the Asf1p/H3/H4
complex also resulted in the formation of disomes and
trisomes (Figure 2a, lanes 11-15). This observation is
consistent with the supercoiling assay (Figure 1c). To-

gether, these data confirm that the increased template
superhelicity observed upon combination of CAF-I and
Asf1p/H3/H4 resulted from nucleosome assembly.

To test whether Asf1p was able to deposit histones in the
absence of DNA synthesis and cell extract, we incubated
various purified proteins with a nonreplicating DNA tem-
plate and analyzed the products by MNase digestion (Fig-
ure 2b). As expected, the nuclease rapidly degraded the
naked DNA template, and a similar pattern was observed
in the presence of Asflp alone (Figure 2b, lanes 1-10).
In the absence of Asflp, histones H3 and H4 generated
a heterogencous smear of protected DNA species, and
this finding is consistent with the histones’ ability to in-
hibit DNA replication and to form rapidly migrating DNA
species (Figure 1c, lanes 5-7 and 15-17). In contrast, the
Asflp/H3/H4 complexes generated nuclease-protected
species approximately 0.1 kb in length. This result is
consistent with the deposition of the histones onto DNA.
Thus, Asf1p attenuated nonspecific histone-DNA interac-
tions. Because the Asf1p/H3/H4 complexes used in these
experiments were not formed with newly synthesized
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Figure 2

Histone deposition by CAF-l and Asf1p/H3/
H4 complexes. (a) MNase digestion of DNA
replication products. SV40 replication
reactions (140 pl, containing 146 fmol [280
ng] DNA template) were supplemented with
either no assembly factors (lanes 1-5), 67
ng (0.4 pmol) of yeast CAF-l (lanes 6-10 and
16-20), or 0.27 pg (1.6 pmol) of yeast CAF-I
(lanes 11-15). In addition, 560 ng of a
purified complex of Asf1p and histones H3
and H4 was added to the reactions in lanes
16-24. Reaction products were divided into
25 pl aliquots and digested with 0.2 units of
MNase | (Sigma) for 0, 10, 20, 30, and 40
min, and recovered DNA was analyzed on

a 2% agarose gel. An autoradiograph of the
gel is shown. Molecular mass marker positions
and size in base pairs (bp) are indicated on
the left. (b) MNase protection of DNA by
Asf1p/H3/H4 in the absence of DNA
replication. Relaxed plasmid DNA molecules
(0.30 pmol, 585 ng) were added to no
additional protein (lanes 1-5) or to 32 pmol
of either Asf1p (lanes 6-10), histones H3/
H4 (lanes 11-15), or Asf1p/H3/H4
complexes (lanes 17-20). Reaction
products were divided into five
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aliquots and digested with 0.2 units of MNase
| for 0 min (lanes 1, 6, 11, 16), 5 min (lanes
2,7,12,17), 10 min (lanes 3, 8, 13, 18), 20
min (lanes 4, 9, 14, 19), or 40 min (lanes 5,

10, 15, 20). Recovered DNA was separated
on a 2% agarose gel and visualized by
ethidium bromide staining. (M) DNA size
markers in base pairs are indicated.

histones (see Supplementary material), Asflp is able to
deposit histones lacking that specific pattern of acetyla-
tion. Also, we note that histone deposition by the Asflp/
H3/H4 complex occurred in the absence of other proteins
(Figure 2b) but was not efficient in replication reactions
in the absence of CAF-I (Figure 1c). We therefore hypoth-
esize that other factors in the human cell extract may
modulate the activity of Asflp.

Gene expression and silencing phenotypes caused
by asf1A and hirA deletions

Asflp cooperates with CAF-I to silence genes adjacent
to yeast telomeres [26]. Because this genetic synergy is
similar to that observed between CAC and HIR genes [14,
23], we tested whether other phenotypes displayed by
hirA strains were observed in asflA cells. We first exam-
ined the Spt (Supressor of Ty) phenotype because all
hirA strains display a Spt™ phenotype [21, 30]. The Spt
phenotype is assessed by the examination of the expres-
sion of genes in which the promoter is separated from its
coding sequences by Ty transposable elements [31]. In
Spt* (wild-type) cells, the intervening Ty sequences
block transcriptional elongation into the coding region
and thus eliminate or reduce gene function. In contrast,
the mutation of SP7T genes results in the activation of a
cryptic transcriptional start site within transposon DNA
and thus restores gene function. Notably, many of the
genes identified in screens for sp7 mutants encode proteins
that regulate transcriptional activity in the context of chro-
matin [32, 33]. For example, SP713, SPTS, and SPT20
encode components of the histone acetyltransferase—

containing SAGA complex (reviewed in [33]), SPT5 and
SPT6 are involved in transcriptional elongation [34], and
SPT10and SPT11 are histone genes themselves [35]. Fur-
thermore, the sp#/ mutation proved to be an allele of the
HIR2 gene [30].

We assessed the Spt phenotype by using the /ys2—128%
allele, which causes lysine auxotrophy in otherwise wild-
type strains because of a transposon insertion in the LYS2
gene promoter [36]. Strains containing both the /ys2-7128%
gene and a 4irlA deletion displayed an Spt™ phenotype
as indicated by growth in the absence of lysine, demon-
strating that LYS2 expression has been restored (Figure
3a; [30]). Notably, asfIA mutants displayed the Spt™ phe-
notype, as has been shown previously for Zirl A, hir2A,
hir3A, and Apc2A mutants [21, 30]. In contrast, the caclA
deletion did not cause the Spt™ phenotype ([14] and data
not shown).

We sought to determine whether ASF7 and HIR1 contrib-
ute to position-dependent silencing in caclA cells by dis-
tinct genetic mechanisms. However, at telomeres, both
cacA hirA and cacA asfIA cells display such severe defects
in silencing that epistasis analysis was precluded [14, 26].
Therefore, we measured silencing at the more strongly
repressed HML locus. As reported previously, the silenc-
ing of HML, as measured by the mating efficiency of
MATa cells, was not affected in cacl A, hirl A, or asfIA cells
[14, 24, 25]. In contrast, silencing was reduced approxi-
mately 10-fold in caclA hirl A cells (Table 1; [14]). caclA
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Figure 3

Similar silencing and gene expression
phenotypes caused by hir1A and asf1A
mutations. (@) Spt™ phenotype of asf1A
mutant cells. Patches of strains PKY028

(wild type), PKY917 (lys2-1283), PKY913
(hir1A lys2-1283), and PKY951 (asf1A
lys2-1283) were grown on synthetic complete
(SC) media or on synthetic media lacking
lysine (—Lys) at 30°C for 4 days and
photographed. The growth of cells

containing the lys2-1283 allele in the absence
of lysine indicates the Spt~ phenotype. (b)
Telomeric silencing phenotypes. From top to
bottom, log-phase cells of yeast strains with
PKY numbers 090, 638, 117, 993, 632, 969,
and 995 were serially diluted and plated onto
rich media (YPAD) as a control for cell number
or onto media for the assessment of the
extent of silencing of the telomeric URA3-VIIL (b)
marker gene (FOA). Relevant genotypes are
indicated. (c) HIR gene deletions do not affect
Asf1p levels. We separated total cell extracts

from strains PKY1041, PKY1140, and

PKY1142 on a 12.5% SDS-PAGE gel, Al

transferred them to nitrocellulose, and probed asfiA

them with anti-FLAG antibodies (Sigma) to :
detect Asf1p-FLAG protein. As a loading hiriA b ™

control, the same blot was reprobed with
anti-PSTAIRE antibodies (Santa Cruz), which
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asflA cells also displayed reduced mating of similar magni-
tude to the reduction in the cacA /ZirA cells (Table 1).
These data were consistent with published work [26] in
that the silencing defect of caclA asfIA cells was greater
than that observed for the single mutants. However, con-
trary to previous experiments [26], we observed that caclA
asfIA cells retained significant mating ability. Notably,
cacl A hirl A asfiA triple-mutant cells mated at frequencies
statistically indistinguishable from cacA /hirA and cacA
asfIA mutant cells. Furthermore, mating frequencies of
hirl A asfiA cells were statistically indistinguishable from
those observed in wild-type and /477/A and asfIA single-
mutant cells (Table 1), and Zir/A asfIA cells displayed
wild-type levels of telomeric silencing (Figure 3b). To-
gether, these data demonstrate that H/R genes and ASF1
contribute to position-dependent silencing by the same

genetic pathway. Furthermore, Asfl and Hir proteins to-
gether functionally overlap with CAF-I to generate si-
lenced heterochromatin.

CAF-I is recruited to replicated DNA via a direct interac-
tion with PCNA, and mutation of PCNA in both yeast
and Drosophila leads to defects in heterochromatic gene
silencing [10, 37, 38]. We predicted that PCNA mutations
defective in recruitment of CAF-I to heterochromatic loci
would require Asflp and Hir proteins for silencing; con-
versely, any PCNA mutations that prevent Asf1p/Hir pro-
teins from contributing would depend on CAF-I function
for silencing. To test these predictions, we determined
the effects of PCNA mutations on telomeric silencing
in ZirfA and asflIA strains. For these experiments, the
chromosomal POL30 gene encoding PCNA was deleted,
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Figure 4

Mutations in PCNA prevent the contribution
of Asf1p/Hir proteins to telomeric silencing.
From top to bottom, log-phase cells of yeast
strains with PKY numbers 800, 802, 2093,
1644, 1690, 1646, 1890, 1937, 1939, 1888,
1893,1940,1942,1895, 836, 837, 1730,

and 1734 were serially diluted and plated onto
synthetic media lacking tryptophan (—Trp) as
a control for cell number or onto the same
media with FOA (=Trp + FOA) for the
assessment of the extent of silencing of the
telomeric URA3-VIIL marker gene. Relevant
genotypes are indicated.
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and cells were maintained with either wild-type or mutant
versions of the POL30 gene on a low-copy plasmid. In the
presence of a wild-type POL30 gene, cacl A cells displayed
reduced telomeric silencing, 4ir/A and asfIA cells dis-
played no observed silencing defects, and caclA /Zirl A
and cacl A asfIA double mutants displayed extremely low
levels of silencing. These results are consistent with pub-
lished data (Figure 4; [5, 14, 26]. We also examined three
pol30 mutations known to affect silencing. First, a double
point—mutant allele known as po/30-§ causes defects in
silencing that are similar in magnitude to the effects of
deleting the CACT gene; silencing at telomeres and HMR
is reduced in po/30-8 cells, and these phenotypes are
not exacerbated by the further deletion of CAC? [37]. In
contrast, we observed that the deletion of either H/R/ or
ASFI in combination with the po/30-§ allele led to dra-
matic reduction of telomeric silencing. This reduction
resulted in a level of silencing comparable to that observed
in cacl A hirl A POL30 and cacl A asf1A POL30 cells (Figure
4). We also tested the po/30-79 allele, which contains
two point mutations in the interdomain loop, a region
of contact with many proteins [39, 40]. po/30-79 causes

telomeric silencing defects in an otherwise wild-type
strain. These defects are exacerbated by the deletion of
CAC1, and this finding suggests that the Pol30-79p protein
contributes to silencing in a manner partially independent
of CAF-1 [37]. In contrast to po/30-§ cells, silencing in
pol30-79 cells was not altered by either ZirIA or asflA
deletions (Figure 4). The third mutation that we tested
was the po/30-6 allele. As in po/30-79 cells, silencing in
pol30-6 cells was reduced significantly by the deletion of
CACI ([37]; Figure 4b) but not by either /Zir/A or asfiA
deletions (Figure 4a). Thus, the deletion of either HIR/
or ASF1 resulted in similar effects on both telomeric and
HMI. gene silencing. Furthermore, the contribution of
Asfl and Hir proteins to silencing was affected by muta-
tions in PCNA.

The links between ASF7 and HIR1I gene function would
have been observed if Asflp synthesis depended on HIR
gene function (or vice versa). However, immunoblot anal-
ysis demonstrated that the steady-state levels of the Asflp
protein remained unchanged in /4i7/A and /4i72A mutant
cells (Figure 3c¢). Likewise, the deletion of the ASF/ gene
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did not affect the steady-state levels of HIR1, HIRZ, HIR3,
or HPC2 mRNA (data not shown). Together, these data
favored models in which Asflp and Hir proteins function-
ally interact to contribute to silencing. We therefore tested
whether Asflp and Hir proteins physically interact. In-
deed, a glutathione-S-transferase (GS'T-Asf1p) protein fu-
sion was able to coprecipitate in vitro—translated Hirlp
and Hir2p proteins (Figure 5a). We included ethidium
bromide in these precipitation experiments to avoid non-
specific interactions mediated by nucleic acids [41]. In
contrast, no interaction was detected in a similar assay
with Hir3p or HpcZp, the other two known Hir proteins
(data not shown), nor did GST-Asflp interact with B-gal-
actosidase (Figure 5a). To confirm that these interactions
that were observed in vitro can occur in cellular extracts,
we performed coimmunoprecipitation experiments. We
observed that Hirlp and Hir2p coprecipitated with Asflp
in an epitope- and antibody-dependent manner (Figure
5b). Furthermore, these interactions were observed in
extracts treated with RNase, DNase, and ethidium bro-
mide, and this observation supports our hypothesis that
they were not an indirect result of interaction with nucleic
acids. Together, these data support the hypothesis that
Asflp and Hir proteins interact physically in order to
contribute together to heterochromatic silencing.

Discussion

CAF-1/Asf1p synergy in vitro

As previously observed for the homologous Drosophila
proteins [26], the addition of yeast Asflp/H3/H4 com-
plexes to substoichiometric amounts of yeast CAF-I re-
sulted in increased supercoiling of replicated DNA tem-
plates (Figure 1c). By MNase digestion analysis, we
demonstrated for the first time that CAF-I and Asflp
supercoiled replicated DNA templates via nucleosome
formation (Figure 2a).

In the absence of Asflp, CAF-I was required in stoichio-
metric amounts for histone deposition (see Supplemen-
tary material). Thus, Asf1p might promote efficient recy-
cling of CAF-I, perhaps by reloading histones onto CAF-I.
However, the converse possibility, in which CAF-I reloads
histones onto Asf1p, is also consistent with our data. Alter-
natively, DNA molecules containing a few histone (H3/
H4), tetramers deposited by substoichiometric levels of
CAF-I may be a more efficient substrate for deposition
by the Asf1p/H3/H4 complex (or vice versa). Variants of
this model entertain scenarios in which Asflp or CAF-I
help recruit other factors to the DNA template.

The role of histone acetylation in nucleosome assembly

An active complex of recombinant Asf1p was formed with
human histones purified from somatic cell chromatin (Fig-
ures 1 and 2). Thus, the specific pattern of acetylation
on newly synthesized histones was not required for the
activity of yeast Asflp in vitro. Similar observations have
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Asf1p binds to Hir1p and Hir2p in vitro and in cell extracts. (a) *S-
labeled, in vitro—translated Hir1p (lanes 1-8), Hir2p (lanes 3-6), or
B-galactosidase (lanes 7—-9) was precipitated with approximately 2
ng of glutathione-agarose bound GST-Asf1p (lanes 2, 5, and 8) or
unfused GST (lanes 3, 6, and 9). Ten percent of the amount of each
labeled protein added to the precipitation reactions was loaded in
lanes 1, 4, and 7. (b) Hir1p and Hir2p coimmunoprecipitate with
Asf1p. Immunoblot analyses of cell extracts and immunoprecipitation
reactions are shown. Cell extracts from PKY2178 (lane 1) and
PKY2177 (lane 6) represent 1/50th of the amount of protein input
for immunoprecipitations. a-FLAG immunoprecipitations (lanes 2-5
and 7-10) were performed on cell extracts from yeast strains
expressing the indicated tagged proteins (lanes 2 and 7, PKY1041;
lane 3, PKY2061; lanes 4 and 5, PKY2178; lane 8, PKY2062; lanes
9 and 10, PKY2177).
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Table 1

Quantitative mating assays.

Strain Relevant genotype Mating efficiency
PKY028 wild type 1.0
PKY020 cac1A 0.93 £ 0.42
PKY087 hirtA 0.70 * 0.086
PKY937 asf1A 0.66 = 0.27
PKY969 asf1Ahir1A 1.4 = 0.44
PKY128 cac1Ahir1A 0.12 = 0.059
PKY1019 cac1Aasf1A 0.16 * 0.053
PKY971 cac1Ahir1Aasf1A 0.11 + 0.047

Mating of MATa strains was quantified as a measure of the strength of
silencing at the HML locus. Average mating frequencies * standard
deviations, normalized to the wild-type strain, for five independent mating
experiments are presented. The mating frequencies for the wild-type,
cac1A, hir1A, asf1A, and asf1Ahir1A strains are not statistically distin-
guishable at a 99.9% confidence limit by the Student'’s t test. Likewise,
the mating frequencies of the cac1Ahir1A, cac1Aasf1A, and caclA
hir1Aasf1A strains are indistinguishable from each other by the same
test. In contrast, the mating frequencies of each of these latter three
strains are significantly different from those of the first set of strains by
the same test.

been made for human CAF-I; in that case, recombinant
histones H3/H4 with or without N-terminal tails were
deposited by human CAF-I with equal efficiency [42].
Furthermore, nucleosomes lacking tail domains of all four
core histones can be assembled in vitro by dialysis [43].
Thus, although synthesis-related N-terminal modifica-
tions of histones H3/H4 are found throughout eukaryotic
organisms [29], the purpose of this evolutionarily con-
served process remains unknown (see [44] for further
discussion).

asf1A and hirA mutations cause similar
chromatin-related phenotypes

As observed for ZirA mutants [21, 30], asfIA mutants dis-
played a Spt™ phenotype (Figure 3a). Like Z7A mutants,
asfIA mutants also constitutively express histone gene
transcripts during the cell cycle [45]. Thus, in addition
to their role in heterochromatin-mediated silencing, Asf1p
and Hir proteins affect gene expression at nonsilenced
loci.

We demonstrated here that Asflp and Hirlp contribute
to HML silencing in the absence of CAF-I via the same
genetic pathway (Table 1). Likewise, in the presence of
the po/30-8 allele, which prevents CAF-I from contribut-
ing to silencing [37], the deletion of either HIR! or ASF1
greatly reduced telomeric silencing (Figure 4a). Together,
these data are consistent with Asflp and Hir proteins
acting in concert to promote nucleosome assembly.

How is histone deposition by the Asflp-histone complex
related to Hir protein function in vivo? Asflp may serve
as an intermediate histone chaperone that delivers its
cargo to Hir proteins at heterochromatic loci; the converse
is also possible. The first model suggests that Hir proteins

are DNA binding proteins, but both models suggest that
Hir proteins bind histones. Although it is unclear whether
Hir proteins interact directly with DNA, there is genetic
evidence in yeast for histone binding by Hir proteins. Hir
proteins are required for dosage compensation of histone
gene transcription in yeast [46], in which chromosomal
copies of the HTAI-HTRB1 locus are repressed upon the
overproduction of histones from plasmid-encoded genes.
Mutations within the histone N-termini abolish this re-
pression [47], and this finding suggests that Hir proteins
are histone binding proteins. However, this dosage com-
pensation involves histones H2ZA and H2B rather than H3
and H4, so it will be necessary to establish which of the
four core histones, if any, are bound by Hir proteins in
vivo. Biochemical analysis suggests that the HIRA pro-
tein, a mammalian Hir homolog, does bind to histone
H2B in cellular extracts [48].

However, in vitro, Asf1p itself can interact with DNA and
histones in the absence of Hir proteins. For example,
yeast Asflp directly delivers histones H3/H4 to DNA in
the absence of other proteins (Figure 2b; [28]); similar
results have been reported for a human homolog of Asf1p
fused to GST' [27]. Therefore, it appears likely that Asf1p
directly interacts with DNA templates during nucleosome
assembly. In vivo, Hir proteins might be required for
aspects of histone deposition by Asf1p that are not recapit-
ulated in the in vitro assays — for example, for reloading of
histones onto Asflp or for locus-specific targeting. Asflp
bound to two Hir proteins in cell extracts and in vitro
(Figure 5), and these results are consistent with there
being a direct, functional interaction among these pro-
teins.

Our genetic data supports a model in which CAF-I and
Asfl1p/Hir proteins comprise functionally overlapping but
distinct nucleosome assembly activities that contribute
independently to heterochromatic silencing. However,
our biochemical data demonstrate that CAF-I and Asflp
function synergistically to form nucleosomes. There are
several possible explanations for this discrepancy between
the in vivo and in vitro data. For example, the CAF-
I/Asf1p synergy observed in vitro may not apply in vivo
at heterochromatic loci, but it may be important at other
genomic locations. Alternatively, Asf1p may assist nucleo-
some assembly by both CAF-I and Hir proteins in vivo,
but only the Asflp-Hir interactions may have a conse-
quence for silencing. It is also possible that CAF-I and
Asflp contribute to silencing in vivo in a manner distinct
from histone deposition, for example by recruiting other
silencing proteins to heterochromatin. Furthermore, it is
likely that many forms of biological regulation are not
recapitulated in the existing biochemical assays. For in-
stance, the histone binding and deposition activity of
Asflp has recently been shown to be regulated by the
DNA damage checkpoint kinase Rad53p [28].
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PCNA is involved in Asf1/Hir
protein-medicated silencing

The po/30—8 mutation abolishes the contribution of CAF-I
to telomeric silencing [37]. In po/30-8 cells, the deletion
of either HIRI or ASFI eliminated residual telomeric
silencing (Figure 4b). This finding is consistent with the
notion that CAF-I and Asfl1/Hir proteins represent two
different yet functionally overlapping heterochromatin-
forming activities. Conversely, the po/30-6 and po/30-79
mutations cause synergistic silencing defects with cacl/A
deletions [37]. These mutations do not cause synergistic
silencing phenotypes with Zir/A and asf1A deletions (Fig-
ure 4b). These data suggest that the po/30-6 and po/30-
79 mutations affect the ability of Hir and/or Asf1 proteins
to contribute to silencing. Thus, PCNA appears to be
central to both CAF-I-and Hir/Asf1p-based contributions
to silencing.

The po/30-79 allele contains two point mutations in the
interdomain loop of PCNA. This loop is a conserved site
of interaction with a variety of proteins, including the p21
cell cycle inhibitor, the flap endonuclease FEN-1, and
the XPG protein required for incision during nucleotide
excision repair [40, 49]. Interestingly, neither Asflp nor
any of the four Hir proteins contain the canonical PCNA
interdomain loop binding motif, Qxx(h)xx(a)(a), where
(h) represents hydrophobic residues and (a) represents
aromatic residues [40]. Several possibilities could explain
the lack of this motif on Asflp and Hir proteins. For
example, the interaction between PCNA and Asflp and/
or Hir proteins could occur via an unrecognized primary-
sequence motif; alternatively, the interaction could be
indirect and bridged by another protein. Both the po/30-6
and po/30-79 alleles caused similar phenotypes in our ex-
periments (Figure 4b); however, these alleles change dif-
ferent PCNA amino acids to alanines (po/30-6: amino acids
41 and 42; po/30-79: amino acids 126 and 128; [39, 50]).
These pairs of residues are not located near to each other
in the three-dimensional structure of the protein [50].

Thus, the interaction between the Asf1p/Hir proteins and
PCNA is likely to be complex.

Conclusions

An Asflp/H3/H4 complex functional for histone deposi-
tion can be formed with histones lacking a newly synthe-
sized acetylation pattern. Yeast CAF-I and Asflp cooper-
ate to form nucleosomes in vitro. In vivo, Asflp and Hir
proteins interact and together promote gene silencing at
telomeres and the HML locus. This Asf1/Hir silencing
pathway functionally overlaps with CAF-I activity at these
heterochromatic loci. Mutations in the gene encoding
PCNA prevent the Asf1/Hir proteins from contributing to
telomeric silencing, and this finding suggests that PCNA
directs histone deposition by the Asf1/Hir proteins.

Materials and methods

Yeast strains and silencing assays

Strain genotypes and recombinant DNA details are listed in the Supple-
mentary material. Previously described deletion alleles in the W303

background include cac1A:LEU2, URA3-VIIL [B], hir1A::HIS3, hir2A::
HIS3 [47], and pol30A::hisG [11]. All new deletions were made in strain
W303 [52] by single-step gene replacement and were checked for
proper insertion by DNA blot hybridization or PCR. The pBL230,
pBL230-6, pBL230-8, and pBL230-79 plasmids containing the wild-
type and mutant POL30 alleles were the gift of Peter Burgers [39, 50].
The lys2-1283 allele was introduced into the W303 genetic background
by seven backcrosses from strain FY120, a gift of Fred Winston [34].
Standard procedures for genetic crosses and tetrad analysis were used
[53]. YPAD is YPD medium supplemented with 50 mg/L of adenine.
Quantitative mating assays were performed as described [54], with
strains 216 (MATa, his1) and 217 (MATa, his1) as the testers. For the
measurement of telomeric silencing, the URA3-V/IL-marked telomere
was used ([5]; originally described in [565]). Five pl of 10-fold serial
dilutions of log-phase cells adjusted to an initial concentration of Agy =
1.0 were spotted onto media with or without FOA. Cells on FOA-free
media were photographed after 3 days of growth at 30°C; cells were
grown in the presence of FOA for 7 days prior to photography.

Nucleosome assembly assays

The SV40-based DNA replication assay and the micrococcal nuclease
digestion of products were performed as described [5]. For nonreplica-
ting-template experiments, plasmid pSV011 [4] was first relaxed with
human topoisomerase | in 25 mM Hepes (pH 7.5), 50 mM NaCl, 1 mM
MgCl,, 1 mM DTT.

GST-fusion protein interaction experiments

Protein overproduction methods are described in the Supplementary
material. 10 pl of glutathione-agarose beads bound to GST-Asf1p or
GST were mixed with 5 pl of in vitro—translated protein in a total volume
of 200 ul 25 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.1% NP-40, 25 mM
NaCl, and 50 pg/ml ethidium bromide. Proteins were mixed at 4°C for
1 hr, and then beads were collected by centrifugation and washed three
times with 1 ml of the same buffer containing 250 mM NaCl. Precipitated
proteins were analyzed on a 10% SDS-PAGE gel.

Coimmunoprecipitation of Asf1p and Hir proteins

Yeast cell extracts were prepared essentially as described [56], except
that slightly modified buffer conditions allowed for DNase | digestion.
Log-phase cultures (25 mL) were pelleted and washed in 5 ml lysis/IP
buffer (26 mM Tris-Cl [pH 7.5], 125 mM NaCl, 5 mM MgCl,, 2.5 mM
CaCly, 0.1% Tween 20, 5% glycerol). Cell pellets were then resuspended
in 1 ml lysis/IP buffer containing protease inhibitors (1 mM PMSF, 1 g/
mL E64, 1.1 ng/mL phosphoramidon, 0.5 pg/mL leupeptin, 0.7 pg/mL
pepstatin, and 1 pg/mL aprotinin) and lysed with glass beads. Cell
extracts were treated with RNase (200 pg/mL) and DNase | (20 pg/
mL) at room temperature for 10 min; digestion was terminated by the
addition of EDTA (10 mM) and EGTA (5 mM). Ethidium bromide (50
pg/mL) was added prior to the ultracentrifugation of cell extracts (35,000
rpm for 30 min at 4°C). a-FLAG antibodies (Sigma; 5 pug/mL final concen-
tration) were added to 0.5 ml soluble extract and rotated overnight at
4°C. Protein G-sepharose beads (10 pul of 50% slurry) were added.
Continued incubation for 2—3 hr at 4°C allowed the collection of immune
complexes. Beads were collected by centrifugation, washed four times
in lysis/IP buffer, and resuspended in SDS-PAGE loading buffer.

Supplementary material

Two supplementary figures, a supplementary table, and supplementary
methodological details are available with this article on the internet at
http://images.cellpress.com/supmat/supmatin.htm.

Acknowledgements

We thank Diana Starr for GST-Asf1p purification; Fred Winston, Peter Burg-
ers, and Mary Ann Osley for providing strains and plasmids as mentioned;
Alexa A. Franco, Ann Kirchmaier, and Jasper Rine for comments; and Ann
Sutton and Rolf Sternglanz for comments and communication of results prior
to publication. This work was supported by Department of Energy funds
awarded to P. D. K. and administered through the Lawrence Berkeley National
Laboratory. This work was also supported by National Institutes of Health
grant 1 RO1 GM55712 and by National Science Foundation grant MCB-
9982909.



472 Current Biology Vol 11 No 7

References

1.

20.

21.

22.

Osley MA, Gould J, Kim S, Kane MY, Hereford L: Identification of
sequences in a yeast histone promoter involved in periodic
transcription. Cel/ 1986, 23:537-544.

Han M, Chang M, Kim U-J, Grunstein M: Histone H2B repression
causes cell-cycle-specific arrest in yeast: effects on
chromosomal segregation, replication, and transcription. Cel/
1987, 48:589-597.

Kim U-J, Han M, Kayne P, Grunstein M: Effects of histone H4
depletion on the cell cycle and transcription of S.

cerevisiae. EMBO J 1988, 7:2211-2219.

Smith S, Stillman B: Purification and characterization of CAF-I,
a human cell factor required for chromatin assembly during
DNA replication. Cell 1989, 58:15-25.

Kaufman PD, Kobayashi R, Stillman B: Ultraviolet radiation
sensitivity and reduction of telomeric silencing in
Saccharomyces cerevisiae cell lacking chromatin assembly
factor-l. Genes Dev 1997, 11:345-357.

Smith S, Stillman B: Stepwise assembly of chromatin during
DNA replication in vitro. EMBO J 1991, 10:971-980.

Verreault A, Kaufman PD, Kobayashi R, Stillman B: Nucleosome
assembly by a complex of CAF-l and acetylated histones
H3/H4. Cell 1996, 87:95-104.

Kamakaka RT, Bulger M, Kaufman PD, Stillman B, Kadonaga JT:
Post-replicative chromatin assembly by Drosophila and
human chromatin assembly factor-1. Mo/ Cell Biol 1996, 16:810-
817.

Gaillard P-HL, Martini EM-D, Kaufman PD, Stillman B, Moustacchi
E, Almouzni G: Chromatin assembly coupled to DNA repair:

a new role for chromatin assembly factor 1. Cell 1996, 86:887-
896.

Shibahara K, Stillman B: Replication-dependent marking of DNA
by PCNA facilitates CAF-1-coupled inheritance of

chromatin. Cell 1999, 96:575-585.

Game J, Kaufman PD: Role of Saccharomyces cerevisiae
chromatin assembly factor-1 in repair of ultraviolet radiation
damage in vivo. Genetics 1999, 151:485-497.

Enomoto S, McCune-Zierath PD, Gerami-Nejad M, Sanders M,
Berman J: RLF2, a subunit of yeast chromatin assembly
factor |, is required for telomeric chromatin function in vivo.
Genes Dev 1997, 11:358-370.

Monson EK, de Bruin D, Zakian VA: The yeast Cac1 protein is
required for the stable inheritance of transcriptionally
repressed chromatin at telomeres. Proc Nat/ Acad Sci USA
1997, 94:13081-13086.

Kaufman PD, Cohen JL, Osley MA: Hir proteins are required for
position-dependent gene silencing in Saccharomyces
cerevisiae in the absence of chromatin assembly factor I. Mo/
Cell Biol 1998, 18:4793-4806.

Enomoto S, Berman J: Chromatin assembly factor | contributes
to the maintenance, but not the reestablishment, of
silencing at the yeast silent mating loci. Genes Dev 1998,
12:219-232.

Smith J, Caputo E, Boeke J: A genetic screen for ribosomal DNA
silencing defects identifies multiple DNA replication and
chromatin-modulating factors. Mo/ Cell Biol 1999, 19:3184-
3197.

Kayne PS, Kim UJ, Han M, Mullen JR, Yoshizaki F, Grunstein M:
Extremely conserved histone H4 N terminus is dispensable
for growth but essential for repressing the silent mating loci
in yeast. Cell 1988, 55:27-39.

Megee PC, Morgan BA, Mittman BA, Smith MM: Genetic analysis
of histone H4: essential role of lysines subject to reversible
acetylation. Science 1990, 247:841-845.

Hecht A, Laroche T, Strahl-Bolsinger S, Gasser SM, Grunstein M:
Histone H3 and H4 N-termini interact with SIR3 and SIR4
proteins: a molecular model for the formation of
heterochromatin in yeast. Cell 1995, 80:583-592.

Osley MA, Lycan D: Trans-acting regulatory mutations that alter
transcription of Saccharomyces cerevisiae histone genes.
Mol Cell Biol 1987, 7:4204-4210.

Xu H, Kim UJ, Schuster T, Grunstein M: Identification of a new
set of cell cycle-regulatory genes that regulate S-phase
transcription of histone genes in Saccharomyces cerevisiae.
Mol Cell Biol 1992, 12:5249-5259.

Dimova D, Nackerdien A, Furgeson S, Eguschi S, Osley MA: Role
for transcriptional repressors in targeting the yeast Swi/

Snf complex. Mo/ Cell 1999, 4:75-83.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Qian Z, Huang H, Hong JY, Burck CL, Johnston SD, Berman J, et
al.: Yeast Ty1 retrotransposition is stimulated by a
synergistic interaction between mutations in chromatin
assembly factor-l and histone regulatory (Hir) proteins. Mo/
Cell Biol 1998, 18:4783-4792.

Le S, Davis C, Konopka JB, Sternglanz R: Two new S-phase-
specific genes from Saccharomyces cerevisiae. Yeast 1997,
13:1029-1042.

Singer MS, Kahana A, Wolf AJ, Meisinger LL, Peterson SE, Goggin
C, et al.: Identification of high-copy disruptors of telomeric
silencing in Saccharomyces cerevisiae. Genetics 1998,
150:613-632.

Tyler JK, Adams CR, Chen SR, Kobayashi R, Kamakaka RT, Kadonaga
JT: The RCAF complex mediates chromatin assembly during
DNA replication and repair. Nature 1999, 402:555-560.
Munakata T, Adachi N, Yokoyama N, Kuzuhara T, Horikoshi M: A
human homologue of yeast anti-silencing factor has

histone chaperone activity. Genes Cells 2000, 5:221-233.

Emili A, Schieltz DM, Yates JR, Hartwell L: Dynamic interaction of
DNA damage checkpoint protein Rad53 with chromatin
assembly factor Asf1. Mo/ Cell 2001, 7:13-20.

Sobel RE, Cook RG, Perry CA, Annunziato AT, Allis CD:
Conservation of deposition-related acetylation sites in

newly synthesized histones H3 and H4. Proc Nat/ Acad Sci USA
1995, 92:1237-1241.

Sherwood PW, Osley MA: Histone regulatory (hir) mutations
suppress delta insertion alleles in Saccharomyces
cerevisiae. Genetics 1991, 128:729-738.

Winston F, Chaleff DT, Valent B, Fink GR: Mutations affecting Ty-
mediated expression of the HIS4 gene of Saccharomyces
cerevisiae. Genetics 1984, 107:179-197.

Winston F, Carlson M: Yeast SNF/SWI transcriptional activators
and the SPT/SIN chromatin connection. Trends Genet 1992,
8:387-391.

Winston F, Sudarsanam P: The SAGA of Spt proteins and
transcriptional analysis in yeast: past, present and future.
Cold Spring Harb Symp Quant Biol 1998, 63:553-561.

Hartzog GA, Wada T, Handa H, Winston F: Evidence that Spt4,
Spt5, and Spt6é control transcription elongation by RNA
polymerase Il in Saccharomyces cerevisiae. Genes Dev 1998,
12:357-369.

Clark-Adams CD, Norris D, Osley MA, Fassler JS, Winston F:
Changes in histone gene dosage alter transcription in yeast.
Genes Dev 1988, 2:150-159.

Clark-Adams CD, Winston F: The SPT6 gene is essential for
growth and is required for delta-mediated transcription in
Saccharomyces cerevisiae. Mol Cell Biol 1987, 7:679-686.
Zhang Z, Shibahara K, Stillman B: PCNA connects DNA
replication to epigenetic inhertance in yeast. Nature 2000,
408:221-225.

Henderson DS, Banga SS, Grigliatti TA, Boyd JB: Mutagen
sensitivity and suppression of position-effect variegation
result from mutations in mus209, the Drosophila gene
encoding PCNA. EMBO J 1994, 13:1450.

Eissenberg JC, Ayyagari R, Gomes XV, Burgers PM: Mutations in
yeast proliferating cell nuclear antigen define distinct sites
for interaction with DNA polymerase delta and DNA
polymerase epsilon. Mo/ Cell Biol 1997, 17:6367-6378.
Warbrick E: PCNA binding through a conserved motif.
Bioessays 1998, 20:195-199.

Lai JS, Herr W: Ethidium bromide provides a simple tool for
identifying genuine DNA-independent protein associations.
Proc Natl Acad Sci USA 1992, 89:6958-6962.

Shibahara K, Verreault A, Stillman B: The N-terminal domains of
histones H3 and H4 are not necessary for chromatin
assembly factor-1-mediated nucleosome assembly onto
replicated DNA in vitro. Proc Nat/ Acad Sci USA 2000,
97:7766-7771.

Vitolo JM, Thiriet C, Hayes JJ: The H3-H4 N-terminal tail domains
are the primary mediators of transcription factor IlIA access
to 5S DNA within a nucleosome. Mo/ Cell Biol 2000, 20:2167-
2175.

Kaufman PD, Almouzni G: DNA replication, nucleotide excision
repair, and nucleosome assembly. In Chromatin Structure and
Gene Expression, 2" edn. Edited by Elgin SCR, Workman JL. Oxford,
United Kingdom: Oxford University Press; 2000:24-48.

Sutton A, Bucaria J, Osley MA, Sternglanz R: Yeast ASF1 protein



46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Research Paper Histone deposition and gene silencing Sharp et al.

is required for cell-cycle regulation of histone gene
transcription. Genetics 2001, in press.

Moran L, Norris D, Osley MA: A yeast H2A-H2B promoter can
be regulated by changes in histone gene copy number.
Genes Dev 1990, 4:752-763.

Recht J, Dunn B, Raff A, Osley MA: Functional analysis of
histones H2A and H2B in transcriptional repression in
Saccharomyces cerevisiae. Mol Cell Biol 1996, 16:2545-2553.
Lorain S, Quivy JP, Monier-Gavelle F, Scamps C, Lecluse Y, Almouzni
G, et al.: Core histones and HIRIP3, a novel histone-binding
protein, directly interact with WD repeat protein HIRA. Mo/
Cell Biol 1998, 18:5546-5556.

Gulbis JM, Kelman Z, Hurwitz J, O’'Donnell M, Kurijan J: Structure
of the C-terminal region of p21 complexed with PCNA. Ce//
1996, 87:297.

Ayyagari R, Impellizzeri KJ, Yoder BL, Gary SL, Burgers PM: A
mutational analysis of the yeast proliferating cell nuclear
antigen indicates distinct roles in DNA replication and DNA
repair. Mol Cell Biol 1995, 15:4420-4429.

Krishna TSR, Kong P-P, Gary S, Burgers PMJ, Kurijan J: Crystal
structure of the eukaryotic DNA polymerase processivity
factor PCNA. Cell 1994, 79:1233.

Thomas B, Rothstein R: Elevated recombination rates in
transcriptionally active DNA. Ce// 1989, 58:619-630.

Kaiser C, Michaelis S, Mitchell A: Methods in yeast genetics. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press; 1994.
Ehrenhofer-Murray AE, Rivier DH, Rine J: The role of SAS2, an
acetyltransferase homologue of Saccharomyces
cerevisiae in silencing and ORC function. Genetics 1997,
145:923-934.

Gottschling DE, Aparicio OM, Billington BL, Zakian VA: Position
effect at S. cerevisiae telomeres: reversible repression of
Polll transcription. Cel/l 1990, 63:751-762.

Watson AD, Edmondson DG, Bone JR, Mukai Y, Yu Y, Du W, Stillman
DJ, Roth SY: Ssn6-tup1 interacts with class | histone
deacetylases required for repression. Genes Dev 2000,
14:2737-2744.

473



